ABSTRACT: Infinite dilution activity coefficients (γ 1,2 ∞ ) are reported for 31 and 40 diverse organic solutes dissolved in trihexyl(tetradecyl)phosphonium L-lactate and trihexyl(tetradecyl)phosphonium (1S)-(+)-10-camphorsulfonate, as determined by inverse gas chromatography at temperatures from 323 K to 373 K. The measured retention data were further transformed to gas-to-ionic liquid and water-to-ionic liquid partition coefficients using standard thermodynamic expressions based upon measured values for corresponding gas-to-water partition coefficients of the test solutes. Both sets of partition coefficients were interpreted using an ion-specific equation coefficient form of the basic Abraham general solvation parameter model. Finally, ion-specific equation coefficients were calculated for the chiral L-lactate and (1S)-(+)-10-camphorsulfonate anions.
■ INTRODUCTION
Modern chemical product design often involves preparation of new materials possessing specifically tailored properties. Physical and chemical properties of ionic liquids (ILs) can be manipulated through judiciously changing the cation−anion pair combination or by introducing functional groups on the alkyl chain(s) of the cation and/or anion moiety. Lee 1 reviewed the use of functionalized imidazolium ILs in applications involving organic synthesis, reaction catalysis, and extraction of metal ions from aqueous waste samples. ILs containing aminoalkylimidazolium cations, 2 hydroxyalkylimidazolium cations, 3 and ether-functionalized alkylimidazolium cations 3 exhibit good selectivity and adsorption capacity for capturing carbon dioxide from various gas samples. ILs have been used successfully in pilot plant scale experiments in separating aromatic and aliphatic hydrocarbons. 4 The better of the ILs studied (4-methyl-N-butylpyridinium tetrafluoroborate, 1-butyl-3-methylimidazolium tetrafluorobrate, and 4-methyl-N-butylpyridinium methanesulfate) had a higher toluene/heptane selectivity than sulfolane. Sulfolane is the organic solvent typically used in liquid extractions of aromatic compounds (benzene, toluene, ethylbenzene, and dimethylbenzenes) from aliphatic hydrocarbon mixtures. The preceding examples represent only a few of the many published applications concerning ILs. It has recently been stated that "it will not be too long before it is possible to dial up an IL for an application in the way we use an iPhone". 5 Development of new applications for ILs requires continued experimental and theoretical studies. We have furthered these efforts by measuring the infinite dilution activity coefficients (γ i ∞ ) and gas-to-IL partition coefficients (K L ) of organic solutes dissolved in a host of ILs: 1-propyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide, 6 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide, 6 1-pentyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide, 6 1-hexyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide, 7 1-octyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide, diethylphosphate, 12 trihexyl(tetradecyl)phosphonium bis-(trifluoromethylsulfonyl)imide, 13 1-butyl-3-methylimidazolium tetrafluoroborate, 14 1-hexadecyl-3-methylimidazolium tetrafluoroborate, 15 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, 15 1-butyl-3-methylimidazolium hexafluorophosphate, 15 1-butyl-3-methylimidazolium octylsulfate, 16 and 1-ethyl-3-methylimidazolium tosylate. 16 Results of this suite of experimental measurements were used to develop IL-specific Abraham model correlations for describing the logarithm of gasto-IL partition coefficients (log K L ) and the logarithm of waterto-IL partition coefficients (log P) of solutes dissolved in the given anhydrous IL solvent, 6−14 to determine cation-specific and anion-specific Abraham model equation coefficients, [6] [7] [8] [9] [10] [11] 13 and to calculate numerical fragment values for a group contribution version of the Abraham model. 17, 18 This latter method contains provisions for estimating log K L and log P as a function of temperature. 19 The present article continues our experimental endeavors regarding the characterization of new IL solvents using the Abraham solvation parameter model and partition coefficients calculated from measured solute activity coefficients near infinite dilution. Namely, we report experimental γ − as a color-free liquid at room temperature (92 % yield; ≥99 % purity).
The organic solutes were purchased from commercial sources and their chemical purities as determined by gas chromatographic analyses are listed in Table 1 . The presence of trace impurities in the samples would in no way affect the experimental results. The chromatographic peak of the organic solute was clearly distinguished from any minor impurity peak by its much larger intensity.
Vibrating-Tube Densimeter and Density Measurement. Experimental densities of the ILs were measured at atmospheric pressure from 298.55 K to 333.25 K with an Anton Paar DMA 60 digital vibrating-tube densimeter equipped with a DMA 512P measuring cell. The temperature in the vibratingtube cell was determined using a platinum resistance thermometer PT-100 having an accuracy of ± 0.1 K. A thermostatic bath with oil as the circulating fluid was used in the thermostat circuit of the measuring cell, which was maintained constant to within ± 0.1 K. The instrument was calibrated using tetrachloroethylene and dodecane as reference liquids in order to ensure proper extrapolation of the IL densities. The experimental mass densities of the two ILs investigated in the present study are tabulated in Table S1 (Supporting Information).
Chromatographic Instrumentation and Experimental Procedures. The experimental methodology and chromatographic instrumentation have been described in detail in several prior publications 6−17 and will only be briefly described here. Chromatographic measurements were carried out using a Varian CP-3800 gas chromatograph equipped with a flame ionization detector and a heated on-column injector. The injector and detector temperatures were maintained at 523 K for all experimental measurements. Helium gas flow rate was judiciously adjusted to obtain adequate retention times. The column holdup time was determined using methane gas as the unretained solute.
Packed columns of 1 m length containing between 15 % and 35 % IL stationary phase coated onto a 60 to 80 mesh Chromosorb WHP support material were prepared by a rotary evaporation method. The mass of the packing material was computed from the mass of the packed and empty columns and was checked periodically during the course of the experiment measurements. The masses of the individual stationary phases were determined with a precision of 0.0003 g. A 1 μL to 5 μL volume of the headspace vapor of the organic solute samples was introduced and validated to represent "infinite dilution" conditions. Each experiment was performed at least three times in order to verify reproducibility. Experimental retention times were generally reproducible to within 0.01 min to 0.03 min. The day-to-day stability of the experimental setup was checked by repeatedly measuring the retention times of three solutes each day as described in our earlier publications. 6−17 No drift was observed in the retention time during the course of our study. ) were calculated from the measured retention data as described in our earlier publications. 6−17 The uncertainties in γ i ∞ and K L were estimated to be less than 3 % based on error propagation analyses, which took into consideration uncertainties in the following experimental quantities and their respective standard deviations (given in parentheses immediately after the quantity): inlet and outlet pressures (0.2 kPa); adjusted retention time of the solute, t R ′ (0.01 min); mass of the stationary phase (2 %); flow rate of the helium carrier gas (0.1 cm Tables 2 and 3 , respectively. Activity coefficients were measured at three different temperatures for each IL solvent.
The infinite dilution activity coefficient values of organic solutes in the phosphonium-based ILs used for this study have the following order of magnitude: n-alkanes > 1-alkenes > cycloalkanes > 1-alkynes > ketones > aromatics > alcohols. In most cases, the infinite dilution activity coefficients increase with the temperature. The behavior of organic compounds in phosphonium-based ILs is quite similar than in other ILs. The high values of γ i ∞ for aliphatic hydrocarbons indicate that the van der Waals' interactions between apolar compounds and the IL are weak. The polarity of organic compounds plays an important role on their interaction with ILs. For example, the presence of delocalized π-electrons or lone pair electrons in organic solutes increases their affinity with ILs. The introduction of a single or a double π bond in a n-alkane increases the π-electron density and the polarizability, and it results in strong interactions with the IL. Aromatic compounds such as benzene have a large permanent quadrupole moment leading to a strong electrostatic field. This leads to strong attraction of positive charges above and below the ring.
Previous work has been performed on trihexyl(tetradecyl)-phosphonium-based ILs with chloride, 20 23 Values of activity coefficient at infinite dilution of selected solutes in these trihexyl-(tetradecyl)phosphonium-based ILs are given in Table 4 . The solubility of apolar solutes in tetraalkylphosphonium-based ILs decreases according to [BF 4 
. This table shows the importance of the interaction between the solutes and the anion. , and of the capacity at infinite dilution, Table 5 , the efficiency of not only phosphoniumbut also imidazolium-based ILs is evaluated for four separation problems (liquid/liquid extraction) at 323 K: hexane/ benzene, hexane/methanol, hexane/thiophene and cyclohexane/ thiophene. The selectivity values of investigated ILs are low compared to the values obtained with some imidazolium-based ILs. values. Only group III (imidazolium-based ILs with short alkyl chain length, C1 to C4) is more efficient than sulfolane. Linear Solvation Energy Relationship (LSER) Correlations. Methods have been developed for estimating gas-to-IL and water-to-IL partition coefficients for organic solutes dissolved in anhydrous ILs based on linear solvation energy relationships (LSERs) and quantitative structure−property relationships (QSPRs). Such methods correlate the logarithm of the gas-to-IL partition coefficient (log K L ) or the logarithm of the water-to-IL partition coefficient (log P) against solute descriptors. The descriptors can be of either experimental origin or computed solely from the molecular structure of the solute. Of the published predictive methods, the Abraham solvation parameter model is likely among the most widely used approaches for describing solute transfer between two immiscible phases. For IL solvents one can use the IL-specific version of the Abraham model, 24, 25 
or a more predictive version that contains ion-specific equation coefficients, The latter set of equations possess greater predictive applicability in that once the cation-specific and anion-specific equation coefficients have been calculated, the numerical values can to summed as a cation−anion pair (e.g., c k,il = c k,cation + c k,anion , etc.)
to yield a predictive correlations for the IL containing the given cation and anion. To date numerical ion-specific values have been published for 40 different cations and for 16 different anions. When combined as a summed cation−anion pair, the published dipolarity/polarizability (S); the hydrogen-bond acidity (A) and basicity (B); the logarithm of the solute's gas-to-n-hexadecane partition coefficient measured at 298 K (L); and the solute's McGowan volume expressed in units of (cm 3 ·mol −1 )/100 (V). Solute descriptors have been calculated for several thousand different organic compounds based on observed solubility data, partition coefficient data, and chromatographic retention factor data.
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In the present study, the water-to-IL partition coefficients pertain to solute transfer from water to the anhydrous IL. The numerical log P values are calculated through eq 5,
and require knowledge of the logarithm of the solute's gas-towater partition coefficient (log Kw) which is readily available for most of the solutes studied. 25 From a thermodynamic standpoint, partition coefficients calculated in this fashion pertain to a transfer process in which IL is not in physical contact with water. In other words, the IL phase is not saturated with water, nor is the aqueous phase saturated with the IL. In direct partitioning experiment the equilibrium phases would be the IL (saturated with water) and water (saturated with the IL) as there would be some mutual solubility of solvent in the other. Log P values defined in this manner are still very useful in manufacturing and design applications. Predicted log P values can be used to estimate the solute's infinite dilution activity coefficient in the IL (γ 1,2 ∞ ) by first converting the log P value to log K L , and then using eq 6 to transform the gas-to-IL partition coefficient to γ 1,2 ∞ :
The predicted activity coefficient can in turn be used to compute numerical values of (S 12 ∞ ) and (k 1 ∞ ) needed to solve a particular chemical separation problem. The variables in eq 6 are the molar volume of the IL solvent (V solvent ), the universal gas constant (R), and the solute's vapor pressure at temperature T (P 1 0 ). For convenience, we have included within the last two columns of Tables 2 and 3 ), respectively. The values at 298.15 K were obtained by extrapolating the measured data assuming a linear log K L (and log P) versus 1/T relationship.
Analysis of the experimental log K L and log P data in Tables 2  and 3 The c p,il (eqs 8 and 10), e p,il ·E (eqs 8 and 10), and s p,il ·S (eq 8) terms were removed from the log P correlations because the equation coefficients were all small and the standard errors in the equation coefficients exceeded the coefficient itself. Very little (if any) loss in descriptive ability was observed with the removal of these terms, SD = 0.156 log unit versus SD = 0.158 log unit for eq 8 and SD = 0.125 log unit versus SD = 0.125 log unit for eq 10. In the corresponding statistical information associated with eqs 7 to 10, SD denotes the standard deviation, N represents the number of experimental values used in the respective regression analysis, R 2 is the squared correlation coefficient, and F corresponds to the Fisher F-statistic. The standard error in the individual equation coefficients is given in parentheses immediately after the respective coefficient. Numerical values of the solute descriptors used in the regression analysis are tabulated in Table S2 (Supporting Information).
Examination of the statistical information reveals that the four derived correlations do provide a good mathematical description of the observed partition coefficient data as evidenced by SD values in the range of SD = 0.12 log unit to SD = 0. 16 − ), provided that the compounds' solute descriptors fall within the range of values used in obtaining eqs 7 to 10. As a precautionary note, the descriptor range does not include gaseous organic solutes like carbon monoxide, carbon dioxide, methane, ethane, nitrogen gas and oxygen gas, nor does it include solutes with the larger E and B values typically associated with polycyclic aromatic hydrocarbons (larger E values) or the more basic organic compounds.
The predictive ability of the Abraham model can be expanded by using ion-specific equation coefficients. Sprunger and coworkers 26−28 were the first to propose ion-specific equation coefficients by splitting each coefficient into separate cationic and anionic contributions. To provide a reference point for the calculations the authors set the ion coefficients of the bis-(trifluoromethylsulfonyl)imide anion equal to zero. Log K L and log P equation − anion using the coefficients in eqs 9 and 10. Now calculated, the anion coefficients can be combined with our existing 40 cation-specific equation coefficients to yield predictive correlations for 78 more ILs in addition to the two ILs, ( Tables showing density as a function of temperature at p = 101.33 kPa for trihexyl(tetradecyl)phosphonium L-lactate and trihexyl(tetradecyl)phosphonium (1S)-(+)-10-camphorsulfonate, and solute descriptors of the 43 organic compounds included in this study. This material is available free of charge via the Internet at http://pubs.acs.org.
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